Radial deformation phenomena of carbon nanotubes (CNTs) are attracting increased attention because even minimal changes of the CNT's cross section can result in significant changes of their electronic and optical properties. It is therefore important to have the ability to sensitively probe and characterize this radial deformation. High pressure Raman spectroscopy offers a general and powerful method to study such effects in SWNTs. In this experimental work, we focus in particular on one theoretically predicted Raman vibrational mode, the so-called "Squash Mode" (SM), named after its vibrational mode pattern, which has an E 2g symmetry representation and exists at shifts below the radial breathing mode (RBM) region. The Squash mode was predicted to be more sensitive to environmental changes than the RBM.
INTRODUCTION
Single walled carbon nanotubes (SWNTs) are promising one-dimensional nanomaterials because of their unique electronic and optical properties. Since their identification by Iijima in 1991, 1 the novel electronic, 2 mechanical, 3 fluidic, 4 and chemical 5 properties of carbon nanotubes (CNTs) have been subject to an intense research effort. Depending on their chirality and diameter, SWNTs can be metallic or semiconducting. The former are of interest as nanowires and effective heat transporters, 6 while the latter can be used as transistors 7 and bio-sensors.
8, 9
Many CNT properties are sensitive to environmental change, especially vibrational modes, 10, 11 so that exciting applications in nano-sensors and nano-medicine are envisaged. 12 One particularly important probe of nano-tube behavior is Raman scattering, indeed SWNT materials are usually characterised using the linear diameter dependence of the low frequency (100-400 cm −1 ) radial breathing mode (RBM). 13 The frequencies of RBMs are predicted to be inverse functions of their diameter d, ω RBM = C 1 /d + C 2 , where C 1 and C 2 are empirical parameters which are also depending on the CNT environment. The G band, in the region 1580-1600 cm 1 , corresponds to in plane vibrations of carbon atoms presenting in most graphite-like materials.
In addition to the G-band and RBM that enable e.g. the determination of tube diameter and chirality, another vibrational mode has been theoretically predicted, the so-called "Squash Mode" (SM), named after its vibrational mode pattern (see Fig. 1 (a) ), which has an E 2g symmetry representation and exists below the RBM region (<100 cm −1 ). 14 Note that symmetric and asymmetric squash modes are energetically degenerate for our long CNTs.
15, 16
From non-resonant bond-polarization theory, the frequency of SMs is predicted to be proportional to r with an intensity of the same magnitude as the G-band, the most intense feature of the SWNT spectrum.
14, 17
The mode is also predicted to be highly sensitive to the effects of bundling, showing a theoretical upshift of 25 cm −1 compared to an upshift of 6 cm −1 of the RBM for an identical system. 18 Thus we expect the SM to be even more sensitive to environmental changes than the RBM and therefore a more sensitive probe.
The first experimental evidence of the existence of this mode using surface enhanced Raman spectroscopy (SERS) was reported in the work by Alexander A. Puretzky et al. 19 In their investigation SERS was chosen to amplify the SM signal due to the severe experimental challenges faced in making measurements very close to the elastic scattered laser light. While SERS is an ideal tool to boost the sensitivity of Raman signals, its inherent molecule specific sensitivity and the fact that its directionality is linked to the electromagnetic field distribution at the SERS active interface makes it less attractive for our angle dependent studies as illustrated below.
High pressure Raman spectroscopy offers a powerful method to study the vibrational and deformation related properties of SWNTs. Ruoff et al. observed the van der Waals (vdWs) interaction induced radial deformation of two adjunct SWNTs using transmission electronic microscope (TEM) in 1993. 20 Since then, the radial deformation of carbon nanotubes (CNTs) has attracted an ever increasing attention both experimentally and theoretically. [21] [22] [23] [24] As an extreme sensitive radial vibration, high pressure SM analyses are of great significance to understand the radial deformation of CNTs.
In this paper, we report clear experimental evidence using polarisation angular resolved Raman spectroscopy of the existence of the squash modes which were originally predicted, using zone-folding and force-constant models, by Saito et al.
14 Additionally, we have been able to fully assign all low frequency modes to the correct chirality/diameter parameters using the theoretical predictions in conjunction with cross correlations to simultaneously recorded RBMs. 25 Furthermore, clear Raman upshifts of SM under pressure up to 9 GPa are presented.
EXPERIMENTS
Because of the extreme closeness of the SM related vibrational modes in respect to the laser line, the experiments are challenging. Our apparatus employs a stabilized single frequency laser (associated bandwidth of <1 MHz) at 532 nm (Torus, Laser Quantum) which has been additionally filtered for spontaneous emission (ASE filter), in conjunction with an ultrasharp line-rejection filter consisting of an eXtreme Low-frequency Filter with OD8 suppression (XLF, ONDAX, realized via a volume Bragg grating combination). Finally, the collimated light is dispersed by a high throughput HoloSpec TM f 1.8 spectrometer (Kaiser Optical) utilising a volume-phase holographic (VPH TM ) transmission grating and mapped onto a cooled Andor Newton EMCCD camera. Unlike most commercially available systems, this combination delivers unmatched rejection of the laser line, permitting spectral features to be recorded that are <8 cm −1 away from the laser energy, but retains a very high throughput and thus sensitivity.
According to Saito's theoretical predictions, the intensity of the SM of SWNTs is highly orientation and polarisation dependent with respect to both the incoming laser direction (must be along the SWNT main axis for maximum intensity) and the detection direction (X) which should be perpendicular to the incoming direction (Z). Such a configuration can only be reached when the SWNTs are oriented with respect to a fixed framework, e.g. being aligned on a flat substrate. Here, we have chosen to align our SWNTs vertically on a smooth aluminium substrate as sketched in Fig. 1 (b) . The incident angle θ of the laser light is 6.3
• of normal within the plane of excitation which itself is perpendicular to the sample substrate and the plane of detection. Please note that p and s are the notations of the light polarisation in the reference frame of the plane of detection, where p-polarisation means the wave vector of the beam is parallel to the plane (0 • , or Y for incidence and Z for detection) and s-polarisation means it is perpendicular (90 • , or X for incidence and Y for detection). The angle of detection φ is 86.6
• against the vertically aligned SWNTs which are normal to the sample plane. These angles are chosen to maximise the Raman excitation and effective detection cone. Moreover, maintaining θ close to 0
• and φ close to 90
• , the polarisation data is virtually unperturbed.
Aluminium has been chosen, because unlike gold and silver it does not generate strong, and here unwanted, surface enhanced Raman scattering. High quality, non-capped SWNTs which exhibit a very small size distribution centred around a diameter of 0.8 nm (>50 % population (6,5) chirality) have been used in the array.
26, 27
The resulting vertically aligned configuration was independently confirmed using atomic force microscopy as demonstrated in Fig. 1 (b) .
For the high pressure detection, the aligned samples are placed inside a diamond anvil cell (Diacell R µScopeDAC-HT(G)), which is capable of generating uniform (isotropic) high hydrostatic pressures. The sample is immersed into a 4:1 mixture of methanol and ethanol which is commonly used as the pressure transmission medium (PTM) of choice. The DAC has an internal gasket heater that operates up to 600
• C.
RESULTS
Complete Raman spectra have been recorded from the arrays with the laser beam at normal incidence to the sample. Furthermore, a polariser was inserted into the path on the detection side and the emitted Raman scattering was analysed in 15
• steps from p-polarisation (Z) to s-polarization (Y) as depicted in Fig. 2 . Besides the presence of the G-band and its polarisation dependent intensity which is widely accepted as proof of the presence of nanotubes, by three times, which additionally probes the anisotropic behavior of Raman intensity in this region by analysing the polarisation angle of the scattered light.
A detailed analysis of the low frequency region presented in Fig. 3 (a) reveals four peaks (a, b, c, and 18 All found peaks have been fully assigned in Table 1 as detailed below. Fig. 3 (b) shows an enlarged high quality spectrum of the RBM region including peak fitting data which will be used to analyse the chirality composition of the SWNT arrays in conjunction with the results of the SM region. Extreme care needs to be taken in the assignment of the SWNT chiralities because the Raman intensity of similar tube diameters can vary by orders of magnitude. 29 The chiralities assigned based on SM peaks at the excitation wavelength 532 nm are the major components of our sample, which is additionally confirmed by the analysis provided by the manufacture. 26 More chiralities can be detected using different excitation energies. The assignments of the modes are consistent with those of Dresselhaus et al.
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As predicted by zone-folding and force-constant models, 17 the intensity of the SMs is suppressed at spolarisation but reaches a maximum for p-polarised light and thus has the inverse behavior of the RBM, which is shown in Fig. 2 and more clearly demonstrated in Fig. 5 . The relative intensity of all three regions (G-mode, RBM, SM) will be further analysed below as a function of scattering polarisation angle.
Before the completion of the polarisation analysis, this work focuses firstly on the minutiae of the SM. Fig.  3 (a) shows the SM region in more detail. Five clearly distinguishable peaks can be identified and are listed in Table 1 . Additionally, Fig. 4 shows our experimental results (squares) in comparison to a diameter dependent Table  1 for detailed assignments. SM model defined as y = ax b where b = −1.91 ± 0.36 (red line), which matches closely the theoretical prediction that the frequency of the squash mode is proportional to r −1.95±0.03 . 17 As a result, this relation has been used as an additional model to assign Raman peaks to different SWNT diameters in Table 1 .
Comparing the RBM data with the theoretical predictions for the mainly diameter dependent SM frequencies and the measured SM modes allows for a complete identification of the chirality distribution within the aligned sample.
Only two peaks have solely been assigned using tight-binding theory.
18, 31, 32 However, their low Raman intensity (RI) and as a consequence their invisibility in the RBM region has been predicted 18, 31, 32 and therefore fits the model perfectly. Moreover, it demonstrates the utility of the SM region which can track certain SWNT species which are not traceable in the RBM region.
Furthermore, we compare the polarisation dependent anisotropy of the aligned samples (array) in the G-mode (A 1g representation), RBM, and SM regions with the theoretical predictions. The polarisation dependent Raman scattering intensity is plotted against the analyser angle (0 Fig. 5 providing further evidence that the found ultra-low frequency modes are indeed the sought after SMs of SWNTs. Their polarisation dependent intensity is inverse to the RBM and G-mode behavior as predicted by Saito. Recording both regions makes it possible to choose the stronger signal depending on the analyser setting. Finally, the relative wavelength-shift upon changing chirality/diameter of the CNTs (a measure of the mode's sensitivity with respect to environmental changes) is larger for the SM region as the shifts scale as: 
HIGH PRESSURE ANALYSIS
Additionally, low frequency region Raman spectra of SWNT arrays exposed to high pressure environments (up to 9 GPa) are shown in the following. Figure 6 displays the full set of spectra for the RBM region on the left and for the SM region on the right. In general, the RBM peak intensity of all different types of CNTs (with differing chiralities/diameters) within our sample is continuously decreasing when the pressure is increasing. The RBM peaks almost disappear at a pressure of 9 GPa. Likewise, the intensity of SM peaks is reduced at higher pressures. This is because of the fact that the pressure induced changes in energy difference between the singularities in the valence and conduction bands in the 1D density of electronic states will reduce the resonance enhancement in the Raman cross section. Furthermore, the enhanced inter-tube interactions at higher pressures resulting in increased density of electronic states near the Fermi level can also contribute to reduced Raman intensity. 33 In brief, under high external compression, resonance in the radial direction is suppressed.
Furthermore, both modes experience frequency upshifts. In a simplified model, the relative shifts for squash modes are high because selected atoms have a comparably large radial displacement in their vibrational pattern. Because of interactions with neighboring tubes this is energy intensive.
CONCLUSION
In summary, we report an experimental direct polarisation dependent detection of SWNT Squash Modes (E 2g ) in the ultra-low frequency Raman region 18-100 cm −1 . We have assigned different chiralities of our SWNT samples by peak fitting the highly resolved Raman spectra and cross-correlating the experiment results with the theoretical relative Raman intensities of the SM and RBM region. The sensitivity of the SM frequency against changes of diameter/chirality was analysed and it was confirmed that its sensitivity is higher than the sensitivity of the RBM frequency shift. Finally the polarisation dependent anisotropies of the G-mode, RBM, and SM-regions has been measured and we show that the SM polarisation dependent Raman scattering indeed shows inverse intensity dependence compared to other Raman regions.
Furthermore, clear Raman peaks of SM under pressure up to 9 GPa are presented. The SM upshifts are much higher than that of the RBM because of greater radial displacement of selected carbon atoms during the SM vibrational pattern. Further analysis including the Raman shifts and the nanotube cross section changes are under study.
